ABSTRACT
INTRODUCTION
A voltage dip is a disturbance in the power system that consists in a sudden reduction of voltage amplitude and a recovery in a short period of time. They are usually caused by short-circuits and ground faults in the grid. Duration of voltage dips varies from half a cycle to 1 minute [1] . In order to avoid damages, wind farms are typically disconnected from networks when the terminal voltage falls below 80-90 % of its nominal value [2] . On the other hand, the national grid codes are demanding low voltage ride through capability to wind farms and wind turbines [3] . Given a fault in the network, the voltage at the wind farm connection drops and simultaneously a phase jump occurs, depending on the network topology and its parameters. Obviously, it is of crucial importance to have a precise instrumentation capable of tracking voltage dips and phase jumps during significant signal distortions. Here one assumes not only harmonic distortion, but also excursions of voltage amplitude and its frequency from their nominal values.
A traditional approach of determining the fundamental harmonic amplitude (it is the critical information about the voltage dip) from a harmonic distorted signal is the usage of the Discrete Fourier Transform (DFT) based algorithm [4] . This approach introduces large measurement errors during off-nominal frequency conditions [5] , which are typical during faults or power imbalances in the networks [6] . Thus, a new method for determining not only the amplitude of the first harmonic, but the whole spectrum during off-nominal conditions and severe signal distortions is needed. The ultimate aim of this paper is to present a new method for estimation of the voltage amplitude and phase angle and to implement it for the processing of real signals recorded on wind farms with Double Fed Induction Generators (DFIG). The approach is based on a suitable non-linear parameter estimation method capable of estimating simultaneously the harmonic spectrum of the processed signal and its frequency [7] . The following sections include a detailed description of the methodology, wind-farm and data acquisition system, as well as the results of the real signals processing.
NTA ALGORITHM
Let us assume the following observation model of the input voltage signal, digitized at the measurement location: 
For the generic model (2), a suitable vector of unknown parameters is given by:
where V 0 is the magnitude of the decaying DC component at t = 0, M is the highest order of the harmonics modelled in the signal,  is the fundamental angular velocity, equal to 2f, f being frequency, V k and  k are the magnitude and phase angle of the k th harmonics (k = 1,...,M). The number of unknowns, i.e. the model order, is n = 2M+2. Prague, 8- (1) and (2), in n unknowns is obtained. The problem is to solve the over-determined system of nonlinear equations, i.e. to determine the unknown model parameters. In other words, here an unconstrained non-linear optimisation problem, which is traditionally not trivial, has to be solved. The key relation of the NTA algorithm is given by:
where i is an iteration index,
vector of nonlinear functions determined by the assumed mathematical model of the input signal and N is the number of samples belonging to the data window. The Jacobian matrix J is an   n N  matrix, having as its elements the partial derivatives of the signal model (2) . Equation (4) is derived first by linearization, i.e. by Taylor series expansion of (1) and by neglecting the higher order terms, and then by applying the classical Least Square Error estimation method. The new approach, simultaneously estimating signal amplitude and frequency, achieves the goal of making the measurement not sensitive to frequency changes.
WIND-FARM AND MEASUREMENT SYSTEM
Two power quality (PQ) analyzers, fulfilling IEC 61000-4-30 class A accuracy, frequency synchronization, and absolute time requirements, have been installed in a Spanish wind farm, with total power of 18 MW. Wind turbines (each 2 MW) are distributed along two main 20 kV collection circuits: one of them 14.5 km long with 6 wind turbines, and the other one 3.5 km long with 3 wind turbines. Both circuits are connected to the grid through a 20/66kV transformer. These analyzers, with a maximum of 10MHz sample rate per channel, are able to capture detailed voltage and current waveforms during the voltage dip and the clearance of the fault, together with powerful trigger options to obtain the entire transient. Fig. 1 shows schematically the PQ analyzer installation, being connected between the DFIG and the 0.69/20 kV power transformer. This analyzer measures the three stator voltages and currents, together with the rotor line current and the DC bus voltage, at the rotor power converter level. The other PQ analyzer is used to measure the line voltages and currents at the wind farm electrical substation (20 kV). Both analyzers are linked via WiFi to a UMTS/GPRS modem, allowing a remote access to their configuration and recorded data. In this way, the explained solution can be extended to more PQ analyzers, located in other DFIGs or in different points of the power system. Further information and a detailed installation scheme of both PQ analyzers can be found in [9] . 
THE RESULTS OF THE ALGORITHM
The total duration of the recorded signal is 10 s. Voltage signals in all three phases were sampled with frequency of 6.4 kHz, which means the highest harmonic that theoretically can be observed is of 64 th order (this corresponds to 3.2 kHz). Data window width was set to 20 ms, which corresponds to 128 samples. This was a sound base for a high quality dynamic response of the estimator and excellent convergence properties. In the signal model (Eq. (2)), only odd harmonics up to order 63 were modelled, without DC component. A fault was initiated at t=0.075 s and was cleared at t=0.72 s. The voltage signal in phase 2, immediately before and after the fault inception and fault clearance is shown in Fig. 2 and Fig 3, respectively. Fig. 4 shows the instantaneous phase 2 voltage signal and its estimated magnitude in period of 0-2s. At the moment of the fault inception, signal's amplitude was step changed downwards for about 50% (from 600 to about 300 V). On the contrary, followed by the fault clearance, it made a step change of 100% (from 300 to 600 V) to the pre-fault values. In order to track such a sudden and vast changes of signal parameters, an algorithm with excellent convergence capabilities is needed. The NTA is just such the algorithm, which can be confirmed from the results presented in Fig. 4 . In Fig. 5 the estimated RMS values from voltages in all three phases, for the period before, during and after the fault, are respectively shown. From this figure, it is possible to note that the fault was not symmetrical: RMS of phase 1 voltage is higher than those in phases 2 and 3. Before and after the fault, the system works in balanced conditions. One of the most important power quality factor is Total Harmonic Distortion (THD). In [8] it is defined as:
In Fig. 6 the calculated voltage THD factors for all three phases are presented. Before and after the fault, THD factors are around 5%, whilst during the fault (between 0.075 and 0.72 s) it oscillates around 4%. In Fig. 7 the voltage signal's spectrum, during the steady state operation of the DFIG is given. It can be noticed, that the 3 rd and 49 th harmonics are particularly high. The fundamental harmonic magnitude is not shown in the figure since it is tens time greater than the magnitudes of higher harmonics. In Fig. 8 In Fig. 9 the voltage phase angles of fundamental harmonic component in all three phases are shown. It is obvious, that before the fault the system was in a balanced regime (phase 1, 2 and 3 angles were around -136 0 , 104 0 and -14 0 , respectively). During the fault, the phase angles change, and after the fault has been cleared, the system is balanced again (phase 1, 2 and 3 angles are now around -108 0 , -240 0 and 14 0 , respectively). In the preceding text, the processed signals were investigated and their main features were presented. The motivation for this is to demonstrate under which circumstances the unknown signal amplitudes were determined. Here the attention was given to those hard measurable power quality indicators/factors.
CONCLUSIONS
The introduction of elements of power electronics increases the risk of potential harmonic distortions of voltage and current signals. Consequently, the requirements for robust and efficient measurement, protection and control approaches become more urgent. This is particularly a case if the harmonic distortions are followed with some other distortions, e.g. frequency excursions around its nominal value. The above circumstances happen during short circuits in networks, what was proved in the presented case of voltage dip analysis on DFIGs. In this paper it was shown that the NTA algorithm is performing excellent performance in terms of amplitude estimation from voltage signals being severely harmonic distorted. A successful application of the NTA algorithm was demonstrated through the processing of voltages recorded on a real DFIG in Spain. The paper also provides a comprehensive assessment of the nature of voltages distortions, expressed through power quality indicators also successfully estimated over the NTA algorithm.
